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Abstract Mobile machining with industrial robots is pro-
posed as a cost-effective and portable manufacturing alterna-
tive to large scale CNC machine tools in large-scale part
manufacturing. Robotic milling, one of the widely used mo-
bile machining approaches, involves several technical chal-
lenges and distinct characteristics in terms of machining dy-
namics and stability due to completely different structural
build up. In this paper, distinctive effects of Stewart
platform-type of hexapod robot on stability of robotic milling
is investigated based on characterisation of its structural dy-
namics, simulation of stability limits and experimental valida-
tion. Three aspects are demonstrated: (1) the position-
dependent stability diagrams due to the position-dependent
dynamics of the hexapod platform, (2) the effects of cross
transfer function due to the complex kinematic chain on mill-
ing stability and (3) the role of feed rate direction in stability of
robotic milling. The conditions for minimised position-
dependent stability through appropriate tooling are also illus-
trated through simulations and experimental verification. The
cases where process stability may be governed by either the
hexapod robot or the cutting tool modes are discussed and
identified through stability analysis. It is shown that the feed
rate direction becomes a significant parameter for stability
limits in robotic milling. The conditions at which the cross
transfer function becomes significant on milling stability are
discussed through simulations and experimental results. It is
shown that cross transfer functions may significantly affect
milling stability especially when the radial depth of cut is less
than 50 % of the tool diameter. As one of the important out-
comes of this research, it is found that appropriate tooling may
decrease the reliance of milling stability on robot position.
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1 Introduction
Robotic milling is one of the widely proposed mobile machin-
ing approaches for manufacturing of large scale parts designed
in aerospace, nuclear, automotive, and oil and gas industries,
where high investment and operational costs are incurred due
to use of the large scale CNC machine tools [1]. Within this
perspective, robotic milling with industrial robots is consid-
ered to be a way to decrease costs through “process-to-part"
approach offering increased flexibility and decreased lead
time compared to CNC machine tools [1].
Robots were first used for handling, assembly and welding
tasks in manufacturing industry. Recently, industrial robots
have started to be used for mobile milling, i.e. robotic milling,
and there are several proof-of-concept studies which identify
challenges and provide solutions for challenges faced in ro-
botic milling. Industrial robots are advantageous over CNC
machine tools in terms of mobility, ease of installation and
cost but they lack accuracy, robustness and stiffness for mill-
ing applications due to their flexible structures and simpler
control system with respect to CNC machine tools. Thus, it
is important to identify the associated challenges and the
points where the requirements for metal cutting are not met
in robotic milling. Chatter stability is one of the main limita-
tions in machining operations, as well as in milling [2].
Therefore, it is important to investigate the challenges
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regarding process stability associated with robotic milling
operations.
Robots are designed in serial or parallel configuration. In
serial robots the link lengths are constant throughout the
workspace, but in parallel robots, especially the ones actuated
with extensible links, the link lengths vary together with the
angular position throughout the robot motion. Even if the
parallel kinematic configuration is not formed by extensible
links, the point of contact between the link and the prismatic
support may vary. In the literature, mostly serial robots have
been studied to improve positional accuracy and dynamic
stiffness for mobile machining. Gears and bearings are iden-
tified as the main sources of system compliance, which could
be up to 50 % or even 75 % of the overall system compliance,
depending on the size of the robot [3]. In one of the studies,
Pan et al. [4] emphasised the differences between the CNC
machine tools and a vertical articulated serial robot, where
they identified chatter characteristics in robotic milling.
Zaghbani et al. [5] studied the vibration response of robotic
machining systems, where variable spindle speed strategy is
applied. Vibration and cutting forces are used as the stability
criterion.
Literature on dynamics of milling with parallel kinematic
robots is scarce but there are noted studies on the use of par-
allel kinematics in machine tools as summarised in the rest of
this section. The first use of parallel kinematic mechanisms in
machining was in the form of triceps and hexapods as part of
machine tools. The parallel kinematic mechanism was expect-
ed to improve the overall stiffness of the machine tools. It was
also expected to provide better accuracy due to the motion in
six degrees of freedom. In that perspective, the stiffness of
hexapod machine tools are compared with the conventional
CNC machine tools by Tlusty et al. [6] where several prob-
lems are addressed regarding the hexapod configuration. They
mainly compared the use of serial and parallel kinematics for
machine tools. They concluded that, contrary to expectations,
the parallel kinematic mechanism (PKM) introduces addition-
al flexibility for machine tool applications. The use of ma-
chine tools with PKM in productive industrial work is studied
by Rehsteiner et al. [7]. They shared the results from users and
manufacturers of such machine tools and suggested ways to
improve the use of PKM inmachining. Later, Fassi andWiens
[8] reviewed the use of PKM-type machine tools in machining
industry. In this review paper, they mainly pointed out that the
unfavourable transmission of motion hinders both positional
accuracy and dynamic stiffness. In addition, the lack of com-
prehensive calibration techniques, weak or not well-defined
dynamic behaviour, and complex control algorithms for com-
pensation of stiffness variation among the workspace, are also
pointed out. Weck and Staimer [9] reviewed the development
of parallel kinematics for machine tools, and compared their
application and performance to Cartesian machine tools based
on the results from CIRP laboratories, machine tool
manufacturers and users. It is concluded that further research
and development is required to enable wide use of PKM-type
machine tools. In one of the recent studies, the stiffness of
machine tools in different configurations such as serial, paral-
lel and hybrid are evaluated by Shneor and Portman [10].
They proposed a new stiffness-related engineering index
called minimum stiffness value, which embraces both local
and global stiffness over the workspace. Law et al. [11] stud-
ied position-dependent dynamics and stability of serial-
parallel scissor kinematic machine tools through a multibody
dynamic machine model. They modelled the dynamics of the
strut links using Timoshenko beam elements through sub-
structuring based on improved reduced-order models. They
compared the performance of full order FEM models and
the reduced-order model through experimental results. Then,
the position dependency in the dynamics of the machine tool
is estimated for simulation of position-dependent stability
maps. The experimental results showed that the model can
estimate the amplitude of the dynamic response at the tool
tip at a reasonable accuracy; however, slight discrepancies
are observed in estimation of the natural frequency, which is
due to several simplifications at the joints. In a recent study, a
free-leg hexapod approach is proposed by Axinte et al. [12]
for use of hexapod robots in mobile machining. In the pro-
posed study, each leg can be individually positioned on the
workpiece surface where they focused on development, cali-
bration and exploitation of the proposed design. Their study
showed that the positioning error could be decreased down to
50 μm.
Although the stiffness, chatter mechanism and applicability
of industrial robots in mobile milling operations are studied in
several papers, the unique challenges associated with the sta-
bility of robotic milling, especially with hexapod robots, have
not been in the focus. Henceforth, this paper aims to contribute
to the understanding of distinctive cases in stability of robotic
milling operations utilising Stewart platform-type of hexapod
robots. The tool point frequency response function (FRF) is
measured through impact hammer tests to simulate stability
diagrams based on the stability theory proposed by Budak and
Altintas [13]. The cases where the hexapod robot may govern
stability are identified through simulations and experimental
results. The position-dependent stability limits associated with
robotic milling are investigated through simulations and the
findings are verified through experiments. It is shown that
variable spindle strategy may be an effective way of dealing
with position-dependent stability limits. The feed rate direc-
tion is identified to be an important parameter due to asym-
metrical tool point FRF, which is caused by the effect of flex-
ibility introduced by the hexapod robot. Cross transfer func-
tions are generally ignored in milling stability analysis as they
are not significant for CNC machine tools. However, it is
found that the flexible hexapod structure amplifies the cross
transfer function effect even at cutting tool modes. In this
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paper, the conditions where cross transfer function may be
significant for stability are also studied through simulations
and experimental results. Henceforth, the paper is organised
as follows; the dynamics and stability of end milling is
summarised in section 2. This is followed by investigating
the effects of the hexapod robot on milling stability in section
3. The variable spindle speed strategy to deal with position-
dependent stability is discussed in section 4 and the paper is
finalised with conclusions and remarks in section 5.
2 Dynamics and stability of end milling
The dynamic flexibility caused by the cutting tool and/or
workpiece results in dynamic vibrations, which causes mod-
ulated chip thickness and cutting forces. The flexible milling
system becomes a self-excited regenerative system. The con-
ditions where the vibrations grow, i.e. chatter, or diminish, i.e.
stable, depend on the excitation frequency and system gain. In
general, the excitation frequency is directly related to the spin-
dle speed and the system gain is related to the system flexibil-
ity and cutting depth. Thus, it is important to establish the
relation between the dynamic flexibility, cutting depth and
the spindle speed. In this section, dynamics and stability of
end milling is summarised based on the model proposed by
Budak and Altintas [13].
2.1 Dynamic cutting
The cross section of a helical end mill, flexible in transverse
directions x and y, withN number of cutting flutes is illustrated
in Fig. 1. The equations of motion for this system in x and y
directions are written as follows:
mx€xþ cxx: þ kxx ¼ Fx
my€yþ cyy: þ kyy ¼ Fy
ð1Þ
wherem, c and k are the modal mass, damping and stiffness of
the structure in each direction, respectively. The dynamic cut-
ting forces acting on the tool, i.e. Fx and Fy, depend on the
dynamic chip thickness, hj, axial depth of cut, a, radial depth
of cut, b, and tool geometry. As the process stability depends
on the dynamic vibrations at the tool tip, where cutting takes
place, the above equation is applicable to robotic milling, as
well. As long as milling stability is concerned it is always a
function of the tool tip dynamics. Thus, regardless of the ma-
chining unit, i.e. a robot or a machine tool, behind the tool
equations of motion at the tool tip can be represented by a
combination of modes contributed by different structural
components.
Each cutting edge removes modulated chip thickness as
a wavy surface is generated in the previous cutting pass.
The dynamic part of the chip thickness is written in terms
of the angular position, Φj, of the j
th cutting edge, and the
dynamic displacements of the cutting tool in x and y di-
rections as follows:
h j ϕð Þ ¼ Δxsinϕ j þΔycosϕ j
  ð2Þ
The dynamic cutting forces are written in matrix form
using the above definition [13]:
Fx
Fy
 
¼ 1
2
aKt
axx axy
ayx ayy
 
Δx
Δy
 
where Δx ¼ xc−xoc
 	
and Δy ¼ yc−yoc
 	 ð3Þ
In Eq. 3, axx, axy, ayx, ayy stand for the directional coeffi-
cients which relate the dynamic displacements to the dynamic
cutting forces [13], Kt is the tangential cutting force coeffi-
cient, (xc, yc) and (xoc ; y
o
cÞ are the inner and outer modulations,
respectively.
In general, tool tip dynamics is governed by the direct and
cross transfer functions contributed by different structural
components in the machining unit. The direct transfer func-
tions relate the excitation force to the vibration along the cor-
responding direction, whereas cross transfer functions (CTF)
relate the excitation force to the vibration along the perpen-
dicular direction to the excitation force. In other words, once a
structure is excited in –x direction, it is expected to vibrated
both in –x and –y directions. The transfer functions relating the
excitation force in –x direction to the vibration in –x and –y
directions are called to be Gxx and Gxy, respectively. These
are graphically illustrated in Fig. 1, where Dxx and Dyx are
the dynamic displacement in –x direction excited by the dy-
namic force Fx and Dyy and Dxy are the dynamic displace-
ment in –y direction excited by the dynamic force Fy.
2.2 Milling stability
Equation (3) is rearranged after mathematical manipulations
and equations of motion are written in frequency domain,
Fig. 1 Cross section of a flexible helical end mill
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where A0 is the first order Fourier Transformation directional
coefficient matrix of the milling system:
Ff geiωct ¼ 1
2
aKt 1−e−iωcT
 	
A0½  G iωcð Þ½ |ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ}
G0 iωcð Þ½ 
Ff geiωct
where; G iωcð Þ½  ¼ Gxx iωcð Þ Gxy iωcð ÞGyx iωcð Þ Gyy iωcð Þ
  ð4Þ
Finally, the stability of this system reduces to an eigenvalue
problem considering that the above equation has a non-trivial
solution only if its determinant is zero [13]:
det I½  þ Λ G0 iωcð Þ½ ½  ¼ 0 ð5Þ
The eigenvalue, Λ, of Eq. (5) is written in terms of process
parameters:
Λ ¼ − N
4π
Kta 1−e−iωcT
 	 ð6Þ
Finally, the limiting stable cutting depth for the end milling
system is written by expressing the eigenvalue, Λ, in terms of
the transfer function of the system:
alim ¼ − 2πΛRNKt 1þ κ
2
 	
where; Λ ¼ − 1
2a0
a1 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a21−4a0
q  ð7Þ
In Eq. (7), the eigenvalue Λ is solved analytically to
propose an analytical solution, where the cross transfer
functions between perpendicular directions, i.e. x and y,
are ignored for cylindrical cutting tools. However, the
eigenvalue needs to be solved numerically for the cases
where the cross transfer function may be significant. ΛR
is the real part of the eigenvalue Λ. κ is the ratio be-
tween the imaginary and the real part of the eigenvalue,
which is also written in terms of the chatter frequency,
ωc, and tooth passing period, T. In the stability solution
provided by Altintas and Budak [13], a0 and a1 are writ-
ten in terms of the direct transfer functions of the system,
Gxx, Gyy, and the average directional coefficients αxx, αyy,
αxy, αyx, which are functions of the start and exit angles,
and the radial cutting force coefficient.
3 Effects of hexapod robot on milling stability
There are several differences in robotic milling with a hexapod
robot with respect to CNCmachine tools and PKM type CNC
machine tools in terms of structural build up, configuration,
motion transmission and control system. Configuration of a
hexapod CNC machine tool, a gantry type CNC machine tool
and the robotic milling with hexapod robot studied in this
paper are compared in Fig. 2.
In PKM type CNC machine tools (see Fig. 2a), the spindle
is carried by six struts connected to the main frame of the
machine tool. Both translation and rotation are provided by
the linear and angular motion of these struts. The hexapod
machine tools are typically configured in such a way that the
spindle axis is along the gravitational direction and hence the
struts are subjected to bending due to the weight of the spin-
dle, tool holder and tool assembly. Consequently, the hexapod
machine tool is flexible in all three directions, i.e. x, y and z.
Such a 3D flexibility is transferred to the tool coordinates by
introduction of flexibility in all of the three directions of the
cutting tool.
CNCmachine tools are generally configured in axis on axis
principal, where massive and rigid structural blocks carry the
spindle. In 3-axis or 5-axis machine tools the translational and/
or rotary motion can be provided through several combina-
tions of linear axes, i.e. x, y, z and rotational axes, i.e. A, B, and
C. Gantry type CNC machine tools (see Fig. 2b) are widely
used in large-scale part manufacturing, where the X and Z
axes are placed on the gantry y axis and rotary motion is
provided by the A and C axes on the milling head. Due to
such a structural build up, gantry type CNC machine tools are
generally flexible in x and y directions but rigid in the z direc-
tion, i.e. spindle axis. Converting this to the tool coordinates, it
can be said that the gantry type of machine tools are flexible in
two transversal directions of the cutting tool but rigid in tool
axis direction.
In robotic milling with a hexapod robot, i.e. Stewart plat-
form, (see Fig. 2c) studied in this paper, the translational and
rotational motion are provided by the six extensible struts
similar to hexapod CNC machine tools, where in this case
the struts are mounted to the ground. However, the spindle
axis is horizontally aligned and hence the struts are not sub-
jected to bending moment due to the weight of spindle, tool
holder and tool assembly, which is instead in line with the
axial direction of the struts. Thus, it can be said that such a
hexapod setup is flexible in x and z directions but relatively
more rigid in y direction. Consequently, the hexapod setup
introduces flexibility in the tool axis direction and one of the
transversal directions of the cutting tool, where one of the
transversal direction of the cutting tool is in line with the axis
of the struts.
3.1 Simulation of milling stability with the effect
of hexapod robot
The tool tip dynamics is affected by robot position due to
the dynamic flexibility introduced by the hexapod robot
[15]. Hence, milling stability in robotic milling will pres-
ent typically different cases. In this section, the stability of
robotic milling with the hexapod robot is investigated
through simulations.
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3.1.1 Simulation of stability limits with the effect of hexapod
robot
The dynamically flexible structure of the hexapod robot may
affect milling stability in various ways at different machining
stages where robotic milling is employed, where several types
of cutter may be used as represented in Table 1. Tool 1 has a
long and flexible cutter body with relatively low natural fre-
quency. tool 2 has relatively shorter body integrated to the tool
holder with relatively high natural frequency. tool 3 represents
a case where the tool is much stiffer than the hexapod as in
face milling. The FRF measurements showed that the first
natural frequency of tool 1, tool 2 and tool 3 are 500, 2500,
and 500 Hz, respectively. The spindle introduces the first nat-
ural frequency around 100 Hz and the hexapod robot intro-
duces compliance below 100 Hz.
For a representative half-immersion down-milling case, the
variation of chatter frequencies with spindle speed are simu-
lated for the three cutting tools as plotted in Fig. 3. It is seen
that the chatter frequency is around the natural frequency of
tool 2, which means that milling stability is dominated by the
tool modes for tool 2. As tool 1 is considered, it is observed
that the chatter frequency shifts down to 30 Hz at speeds
around 5000 Hz. Thus, it can be said that milling stability
can be governed by the hexapod robot at a narrow band of
spindle speed. In milling with tool 3, the chatter frequency
changes between 30 and 120 Hz, which are close to the natural
frequency of the hexapod robot or spindle, respectively. So, it
can be concluded that milling stability may be governed by the
hexapod robot for operations such as face milling or end mill-
ing with long and slender tools.
3.1.2 Effect of robot position on stability limits
The spindle is carried by a moving platform, which is posi-
tioned and oriented by the motion of six struts and hence the
position of the cutting tool is defined by the length and angle
of these struts. Consequently, the stiffness and natural frequen-
cy of the hexapod robot becomes position dependant even for
a simple 1D linear motion. The tool tip FRF may become
position dependent if the dynamics of the hexapod robot af-
fects the tool tip dynamics. For such cases the stability dia-
grams vary with the position of the robot. In other words, the
modal parameters G (iωc) in Eq. (4) and hence the stability
solution given in Eqs. (6) and (7) may vary with position of
the robot depending on the interaction between the modes
contributed by the tool and robot structures. The position de-
pendency of stability diagrams is discussed for three cases
Fig. 2 Comparison of CNC
machine tool and the hexapod
robot. (a) Hexapod type machine
tool [14] (b) gantry type CNC
machine tool (c) robotic milling
setup
Table 1 Geometry of the tools used for comparison
Tool No Tool Type Flutes Diameter
(mm)
Length
(mm)
Photo
Tool 1
Inserted
flat end mill
2 25 160
Tool 2
Inserted
flat end mill
2 16 141
Tool 3 Face mill 4 65 140
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through stability simulations, where the cases are listed in
Table 2. The material is AISI316L stainless steel with cutting
force coefficients Ktc=3200 MPa and Krc=900 MPa.
The stability diagrams, simulated for representative ran-
dom machining locations throughout the robot’s workspace,
are plotted in Fig. 4.
The variation of the stability diagrams with the machining
location in case 1 is given in Fig. 4a. It is seen that the absolute
stability limit is around 0.1 mm and the stable cutting depth
reaches up to 0.3 mm at spindle speeds around 5000 rpm. The
stability diagram shifts mainly in terms of spindle speed due
change of natural frequency at the tool tip with machining
location. It is also observed that the stability limits vary with
the machining location. The stability diagrams simulated for
case 2 are shown in Fig. 4b. The locations of the stability
diagrams seem to be almost the same regardless of the ma-
chining location, except a slight change in the absolute stabil-
ity limit. In Fig. 4c, the stability diagrams for case 3 are pre-
sented, which show major variations depending on the ma-
chining location. This is due to the fact that the robot modes
are much dominant than the cutting tool. Especially at spindle
speeds lower than 2000 rpm, the tooth passing frequency ex-
cites the robot modes with natural frequency varying between
20 and 100 Hz as observed in the frequency response
functions.
In this section, it is shown that the machining location and
tool type may significantly affect the stability diagrams due to
the changing tool tip dynamics. Thus, it is important to find
either the common stable regions among the machining loca-
tions or find the tooling conditions where the tool tip dynam-
ics may not be affected by the robot position. Having
discussed the effect of machining location on stability of ro-
botic milling, the next section discuss the effect of feed rate
direction on stability of robotic milling.
3.1.3 Effect of feed rate direction on stability of robotic milling
The hexapod robot introduces asymmetric flexibility in x and
y directions of the cutting tool. Thus, as a result of the inter-
action of the modes contributed by the robot and tool structure
in x and y directions, the tool tip FRF becomes asymmetric in x
and y directions of the cutting tool [15]. In other words, Gxx
and Gyy in Eq. (4) becomesmuch different from each other, in
terms of natural frequencies and amplitudes. In CNCmachine
tools, such an asymmetry is not as significant as in the robotic
milling because the low frequency modes due to the machine
tool structure are very rigid and hence their effects on tool tip
dynamics are relatively very small or insignificant. In the sta-
bility solution [13], the feed direction is in x direction and the
cross feed direction is in y direction. However, if the cutting
feed rate direction is in any direction angled with respect to x,
the transfer functions need to be oriented considering the feed
rate direction [15]. For a representative case, the asymmetrical
FRF introduced by the hexapod robot and the effect of the
feed rate direction in end milling on oriented transfer functions
and stability limits are demonstrated, through simulations, in
Fig. 5. The FRFs measured at the tip of tool 1, where the tool
is attached to CNC machine tool and to the hexapod robot are
compared in Fig. 5a. It is seen that the FRF measured in x and
y directions at tool 1 are asymmetric in terms of natural fre-
quency, number of modes and amplitude when it is attached to
hexapod robot. On the other hand, FRF in x and y directions
are almost the same when tool 1 is attached to the CNC ma-
chine tool. This means that the transfer function oriented in the
feed rate direction will significantly change in robotic milling
as shown in Fig. 5b, however in CNC milling the oriented
transfer function will not change with feed rate direction. As
observed in Fig. 5b, the oriented transfer function in feed
direction gradually diverges from Gxx to Gyy as the feed rate
direction is changed from 0° to 90° with respect to x axis.
The effect of feed rate direction on stability diagrams is
demonstrated for an end milling case with tool 1, where
the radial depth of cut is 60 % and the material is
AISI316L stainless steel. The stability diagrams are simu-
lated for 5 feed rate directions as plotted in Fig. 5c. It is
clearly seen that the stability lobes vary significantly in
terms of spindle speed and stability limits as feed rate
direction is varied from 0 to 90°. Such an occurrence
causes the stable cutting conditions to vary throughout a
machining cycle where the feed direction may change as
in circular or rectangular toolpath strategies. Thus, it can
be said that the machining strategy will significantly affect
milling stability in robotic milling.
Fig. 3 Chatter frequencies for different tooling
Table 2 Simulation cases for position dependant stability
Case Tool Milling mode Radial depth of cut (%)
Case 1 Tool 1 Down 40
Case 2 Tool 2 Down 30
Case 3 Tool 3 Down 50
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3.1.4 Effect of cross transfer function
In most of the stability solutions, the effect of cross transfer
functions are ignored [13] i.e. In other words, Gxy and Gyx in
Eq. (4) are taken to be zero. However, in robotic milling the
flexible and complex kinematic chain may introduce cross
transfer functions under certain conditions, which may affect
stability diagrams once they are considered in Eq. (4). In this
section, the conditions where the cross transfer functions may
have significant effect on stability diagrams are discussed
through simulations. The eigenvalue of the milling system
given in Eq. (5) is solved numerically when cross transfer
functions are considered in the solution. The direct and cross
transfer functions measured at tool 1 are plotted in Fig. 6a,
where it is seen that the amplitude of the cross transfer
function is around 50 % of Gxx and 25 % of Gyy. The effect
of the cross transfer function on milling stability is investigat-
ed for several cases as plotted in Fig. 6b to Fig. 6d. In case 1,
downmilling mode is simulated in feed x direction for quarter,
half and full immersion. In case 2, the milling mode is altered
to up milling whilst maintaining the same feed direction,
where a quarter and a half immersion are considered. In case
3, feed direction is altered to y whilst keeping the other con-
ditions the same with case 2.
In Fig. 6b, it can be observed that cross transfer functions
do not significantly affect stability limits. However, as the
milling mode is altered to up milling, cross transfer function
significantly and adversely affects milling stability especially
for quarter immersion milling (see Fig. 6c). It is seen that the
stability regions becomes narrower as cross transfer function
Fig. 4 Position-dependent stability limits in robotic milling (a) Tool 1 (b) Tool 2 (c) Tool 3
Fig. 5 Asymmetrical transfer
function and its effect on stability
diagrams (a) Comparison of FRF
at the tip of Tool 1 when it is
mounted to CNC and robotic
milling setup (b) Effect of feed
direction on the resultant FRF (c)
Effect of feed direction on the
stability diagrams for
asymmetrical FRF
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is included in the solution. The effect of cross transfer func-
tion, especially in quarter immersion milling, becomes favour
of stability limits when the feed direction is altered to y axis
(see Fig. 6d). Through this example, it is shown that cross
transfer function affects milling stability even if the amplitude
of the cross transfer function is relatively small with respect to
the direct transfer functions.
There are cases where milling stability is governed by the
hexapod modes, as discussed before in this section. It was
previously [15] identified that the cross transfer functions are
even more significant at hexapod modes. This case is also
illustrated through simulation of stability diagrams for full
immersion face milling as plotted in Fig. 7. The measured tool
point FRFs in Gxx, Gyy and Gxy are plotted in Fig. 7a, where
it is seen that the dominant modes are less than 200 Hz and the
cross transfer function is even more significant at all modes.
The corresponding stability diagram for full immersion face
milling is plotted in Fig. 7b. It is clearly seen that as the cross
transfer function is considered in the solution, the stable cut-
ting depth substantially change.
The flexible and complex kinematics in industrial robots
introduce cross transfer functions even to the tool tip FRF. In
this section, through simulations, it is shown that cross transfer
function, Gxy, substantially affects stability diagrams once it
is included into the solution. Having discussed several effects
of robotic milling on process stability through simulations, the
next section presents experimental results to support the evi-
dences found out by simulations.
Fig. 6 Effect of cross transfer
function on stability diagrams for
tool 1 (a) Direct and cross transfer
functions (b) Down milling, feed
-x (c) up milling, feed -x (d) Up
milling, feed -y
Fig. 7 Effect of cross transfer
function on stability diagrams for
tool 3 (a) Direct and cross transfer
functions (b) Stability diagrams
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3.2 Experimental results
The effects of hexapod robot on milling stability is ob-
served and verified through experimental results, where
the test conditions are given in Table 3. The cutting tests
are conducted on AL7075-T6, which is suitable for dry
machining, where the cutting force coefficients are
Ktc = 800 MPa, Krc = 300 MPa. Test 1 and test 2 are
conducted to assess the effect of machining location
and feed direction on stability. test 3 is done to see the
effect of tooling on stability of robotic milling, where in
test 4 the effect of cross transfer function is demonstrat-
ed. In the tests, vibration at the hexapod platform and the
cutting sound is measured to assess stability.
The simulations discussed in the previous sections showed
that cross transfer function does not significantly affect stabil-
ity for cases over 40 % radial immersion. Thus, in test 1, test 2
and test 3, the stability diagrams are simulated by CutPro ©,
where cross transfer function is ignored. In test 4, the stability
diagrams are simulated by introducing CTF to the stability
solution [13] and eigenvalue is solved numerically. The sim-
ulated stability diagrams and experimental results are plotted
in Fig. 8.
In test 1, stability diagrams are calculated using the FRFs
measured at randomly selected four machining locations,
where the cutting tests are conducted at location 1. In
Fig. 8a, it is seen that the stability diagrams do not vary sig-
nificantly with position when the feed is in the x direction,
which is altered to y in test 2. The stability diagram for Test
2 is plotted in Fig. 8b, where significant variation is observed
in stability diagrams with respect to test 1. The absolute sta-
bility limit and stability lobes shift with machining location
and feed direction. Two completely different diagrams are
obtained as the feed direction is altered from x to y, due to
the asymmetrical dynamic response at the tool tip.
The stability diagrams for Test 3 are calculated using
the FRFs measured at four machining locations for feed
direction x and y (see Fig. 8c). It is seen that the stability
diagrams do not vary much even the feed direction is in y,
contrary to Test 2. Besides, the absolute stability limit is
significantly higher than that of tool 1. So, it can be said
that milling with tool 2 in feed y direction would lead to
higher chatter-free cutting depth.
In test 4, the stability diagrams are calculated with and
without CTF. A significant difference is observed between
the two cases, especially at the right hand side of the stability
pockets, which is verified through representative cutting tests
conducted at left, centre and right of a pocket around
4500 rpm. The observations of the effect of the hexapod robot
on milling stability are done for the first in this paper. In this
respect, it can be said that this paper contributes to the under-
standing of stability of robotic milling.
4 Variable spindle speed strategy for improved
stability
As discussed through simulations and experimental re-
sults, the stability lobes may become position-dependent
due to the varying dynamics of the hexapod robot.
Hence, the spindle speed providing the same stable cut-
ting depth shifts depending on the varying natural fre-
quency. A similar case was studied in machining of tur-
bine blades [16], where the dynamics of the workpiece
vary as it is machined due to changing stiffness and mass
as a result of material removal. It was shown that
adjusting the spindle speed according to the varying dy-
namics may decrease process time about 40 %. In this
paper, a similar strategy is applied in robotic milling of
AISI 316 L steel. Tool 1 is used to introduce variable
dynamics. The feed direction is selected as x for mini-
mum variation in the stability lobes. The radial depth of
cut is selected as 60 % through radial stability optimisa-
tion done using CutPro ©. Stability lobes are generated
for 20 machining locations (see Fig. 9a) within the area
to be machined. The stability lobes are plotted as 3D and
2D to clearly visualise the variations in the stability
limits, in Fig. 9b and Fig. 9c, respectively. The cutting
speed is limited to 150 m/min (1900 rpm) per tool man-
ufacturer recommendation.
As the stability diagrams are observed, the maximum
stable cutting depth is around 0.12 mm at 1875 rpm (see
Fig. 9c). However, it may be possible to achieve a higher
stable cutting depth if the spindle speed is adjusted ac-
cording to varying tool tip dynamics. Two tests are per-
formed at 0.15 mm of cutting depth at constant and var-
iable spindle speed. When constant spindle speed is ap-
plied, local chatter marks are observed throughout the
machined surface. However, these chatter marks are
eliminated by applying variable spindle speed and a bet-
ter surface quality is achieved as shown in Fig. 9a, where
the FFT of vibration in x direction is also plotted. As a
result, it is shown that productivity can be increased up
to 25 % if the spindle speed is adjusted according to the
changing dynamics.
Table 3 Experimental cases
Test Tool no. Radial depth Cut type Feed direction
Test 1 Tool 1 Half Down x
Test 2 Tool 1 Half Down y
Test 3 Tool 2 Half Down x
Test 4 Tool 1 Quarter Up x
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5 Conclusions
In this paper, the effects of a hexapod robot, utilised for mobile
milling, on stability are discussed through simulations and
experimental results. It is shown that the hexapod robot gov-
erns stability for face milling type of operations and it affects
the tool tip dynamics by introducing asymmetrical flexibility.
As a result, the stability diagrams depend on the feed direc-
tion. As the flexibility introduced by the robot is position-
dependent, the stability diagrams may also become position-
dependent at several cases. The experimental results verified
such conclusions derived from the simulations. The condi-
tions where the cross transfer functions may significantly af-
fect stability diagrams are identified through simulations and
verified by experiments. It is found out that when the radial
depth of cut is less than 50 % of the tool diameter the cross
transfer function become significant for stability predictions.
The position-dependent stability diagrams are dealt with
Fig. 9 Variable spindle speed
strategy in robotic milling (a)
Machined surface and sound
FFTs (b) 3D Stability diagram (c)
2D Stability diagram
Fig. 8 Stability tests (a) Test 1
(b) Test 2 (c) Test 3 (d) Test 4
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variable spindle speed strategy. It is shown that by adjusting
the spindle speed to the varying stability diagrams the stable
cutting depth and hence the productivity can be improved up
to 25 %. Considering these conclusions, this study contributes
to the understanding of stability of robotic milling through
clear identifications.
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